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Abstract – This paper introduces a method for the assessment and evaluation of energy efficiency of the manufacturing 
processes in the production. A directive for energy efficiency benchmarking has already been published, however, due to 
its lack of defined energy indicators, it does not allow for a significant comparison. In a preliminary step, 120 currently 
used energy indicators were examined to assess their suitability as an energy benchmark. Based thereon, three 
approaches for the assessment of energy efficiency of the manufacturing processes in the production as well as a method 
for transferring the system by means of relevant indicators at the sectorial and corporate levels were developed. In the 
following, the approach of "minimal value calculation," which was identified as being the most advantageous, is 
presented in detail. The basic idea is the comparison and evaluation of energy efficiency based on the ratio of the 
theoretically required energy consumption to the actual energy consumption. Depending on the analysis of influencing 
factors, a model highlighting their dependencies could be established. The developed system hinges on a successive 
calculation of the minimum value. Each of these minimum types can be put in relation to the measured energy 
consumption, however, depending on the chosen basis, the conclusion and focus of the calculated key figure may vary. By 
using the material minimum as a basis, the actually existing energy savings become visible. The method will be put to test 
through an exemplary application for processes in the fields of electronics production, electrical engineering, and 
production machining. This course of action allows the validation of the developed approach and reveals the potential of 
this method.
© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of Assembly Technology and Factory Management/Technische Universität Berlin.
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1. Introduction
Dwindling natural resources, a simultaneously growing 
demand, rising energy costs and a growing environmental 
awareness of consumers are the reasons why themes of
rational energy procurement and recycling move more and 
more into focus [1] [2]. Therefore, energy management and 
energy efficiency represent the relevant research areas.
This paper intends to contribute further to the increase of 
energy efficiency of manufacturing processes in the industry. 
This can be done in two ways: 1. by transmitting knowledge 
from best practice examples and 2. by comparing the energy 
efficiency, through which potential savings may be identified. 
In both cases, it is necessary to compare the energy efficiency 
in the production at the first stage. At the present state of 
research, this only occurs between identical or similar 
products that are compared and assessed in terms of energy 
consumption in their production [7]. A cross-comparison of 
the product groups in terms of energy efficiency is not yet 
possible. The aim is therefore to develop an approach for 
cross-comparison of the energy efficiency in the technical 
service provision. It should be possible to compare and 
evaluate the energy efficiency in the production of different 
products, which are manufactured in different companies and 
even to compare and evaluate entire companies and industries. 
At the product level, a statement concerning, for example, the
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comparison of the energy efficiency of the production of an 
automobile or a drill should be possible. This would allow the
identification of highly energy-efficient productions across
product groups as well as to derivate possible knowledge after 
their analysis thus contributing to increasing the energy 
efficiency, including the production of other kinds of 
products. The focus of this paper is to represent the 
development of a general approach to validate energy 
efficiency in the production.
2. Basics and state of the art
2.1. Energy efficiency
The DIN EN ISO 9000:2005 defines efficiency as follows: 
"the relationship between the result achieved and the 
resources used." Following this standard definition, energy 
efficiency represents the ratio of consumed energy (e.g. kWh) 
to the generated benefits (e.g. units produced or value). It
corresponds to the productivity that describes the ratio of 
produced goods (output) to the consumed production 
resources (inputs) [3].
Another possibility for the definition of energy efficiency 
is the ratio of the real productivity to the ideal productivity.
Here, the question is answered of how the actual produced 
goods (e.g. the amount) correspond with the defined energy 
input, i.e. the possible number under ideal conditions. [4]
2.2. State of research: “cross-efficiency comparison“
After extensive research, it can be stated that the subject of 
cross-comparison of energy efficiency has not yet been 
treated in scholarship. Only peripheral areas of this topic, such 
as the comparison of the same processes based on energy 
indicators in different companies in terms of energy 
efficiency, have been addressed. These include, among others,
the reports on "energy performance indicators for company 
comparisons" and "determination of energy indicators for 
plants, manufacturing processes and products." [6] [7]
The problem of the critical comparison of energy 
performance indicators is stated in the literature with the 
following different initial situations [9]. There are different
operation-dependent factors concerning the process sequences 
ranging from the size of the plant to the quality of raw 
materials. Furthermore the balance area for the collection of 
energy data must be accurately delineated. Due to the wide 
range of enterprise specifics it is rather difficult to find two 
comparable partners where parameters and system boundaries 
are identical. [7]. As of yet, there are no relevant performance 
indicators known that permit a cross and transferable energy 
comparison to implement possible energy efficiency 
benchmarking. [5]
2.3. Potential of the project
From a business perspective, the possibility of cross-
comparing and evaluating the energy efficiency in the 
production of technical products offers three main aspects in 
order to increase a company's success: 1. the identification of 
units with low energy efficiency, 2. the derivation of 
optimization measures, and 3. the marketing or advertising by 
means of a climate and environmental protective argument.
All of these aspects require the implementation of the 
energy efficiency comparison as well as the subsequent 
disclosure of the results to several industry partners. 
Additionally, concerning the second aspect, an agreement for 
the analysis of the most energy-efficient production must take 
place in order to identify and analyze the key factors.
3. Approach development for energy efficiency evaluation
3.1. Existing classification systems
Already today, a number of systems can be used for the 
evaluation of energy consumption. Even though these systems 
cannot answer the specific question of this study, they offer
possible starting points and ideas.
3.2. Description of possible approaches and selection
Within this section various approaches for the energy 
efficiency evaluation in the technical service provision are 
presented and the potentially most advantageous approach is 
selected. The approach is based on the following assumption: 
if a system can be developed that allows for the comparison of
different products in terms of energy efficiency in the 
production, then the procedure can be aggregated or 
transferred onto other levels (i.e. site, business, and industry). 
For the evaluation of energy efficiency at the product level 
three approaches could be developed. These are the 
approaches: "relative comparison", "efficiency" and 
"minimum value calculation", see Fig. 1.
Fig. 1: Developed approaches for a energy efficiency comparison
Approach “relative comparison”
The first step is to group the same or very similar products, 
both across companies and across locations, as well as to 
record and to compare their specific energy consumption in 
the production. Based on the range and distribution of the 
determined specific consumption per product group, an 
algorithm for each group can be defined. This makes it 
possible to divide the products in a value range of 1 to 10
based on their specific energy consumption; 1 represents the
product with the lowest specific energy consumption and 10
represents the product with the highest specific energy 
consumption. The calculated value – expressing the relative 
energy efficiency – is named energy efficiency value (EEV). 
This term is also used in other approaches in order to 
denominate the evaluated energy efficiency. Thus, an 
evaluation of the energy is provided allowing a comparison of
various products, based on their relative efficiency, with their 
competitors. Fig. 2 illustrates this procedure for two fictional 
varying products, A (upper section) and B (lower portion), 
which are comparable in terms of their relative energy 
efficiency.
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Fig. 2: Calculation system for the approach relative comparison
Approach “efficiency”
The approach "efficiency" is based on the Energy 
Equipment Effectiveness (EEE) classification. [29] Here, 
however, the focus is not on the operating plant but on the 
produced product. The basic idea is to compare the consumed 
energy during the product manufacturing with the value-
added energy. Thus, a relation is formed giving information 
on the energy efficiency in the production of the focused 
product (see Fig. 3). 
Fig. 3: Basis approach efficiency
The EEV is in a range of 0 and 1 and allows a comparison 
of different products; 0 represents the most negative value,
while 1 describes the value of the ideal energy efficiency. 
Value-added energy is defined as follows: “energy that
contributes to value creation or consumed energy adjusted for 
the energy losses (e.g. standby, energy transformation or 
defective products).” For the calculation of the value-added 
energy it is necessary, as with the EEE, to conduct a 
comprehensive data collection. The data collection can be 
achieved, for example, through installed energy measurement 
technology or possibly from the production data acquisition. 
Fig. 4 illustrates the calculation method of this approach 
through a comparison of several fictional products.
Fig. 4: Calculation system for the approach efficiency
Approach “minimum value calculation”
Similar to the efficiency approach, the approach "minimum 
value calculation" is based on the formation of a relation. 
Here, the minimum required energy necessary for the product 
manufacturing is divided by the real consumed energy, see 
Fig. 5.
Fig. 5: Basis approach minimum value calculation
The definition of the energy efficiency approach (ratio of 
ideal to actual productivity) is implemented and the ideal 
productivity is represented by the minimum energy value. The 
denominator, which indicates the actual productivity, is the 
measured energy consumption. A value of 0 is the lowest 
energy efficiency and, accordingly, the ideal energy efficiency 
is rated with the value 1. In the following schema, the 
calculation method is illustrated with an example.
Fig. 6: Calculation system for the approach minimum value calculation
This approach is based on the assumption that for all 
individual manufacturing steps of a product a minimal 
required energy demand can be calculated and, subsequently, 
the total demand.
3.3. Selection of an approach
For the evaluation of the approaches different criteria were 
chosen, which were divided into the sectors conception,
implementation, and results. The criteria of each section were 
evaluated (column E). The value 1 represents a minor 
influence of this criterion on the favorability of the 
approaches and the value 4 represents a critical influencing 
factor. In Addition, the criteria were weighted.
Based on the evaluation of the individual criteria of each 
approach as well as their weighting, the approach with the 
most potential is determined. The following table shows the 
evaluation of the approaches based on the weighted criteria. 
For each approach each criterion was multiplied with the 
respective weighting (column W) and the result was noted in 
column WE (weighted evaluation). Finally, the weighted 
ratings were summed up for each preparation (see Table 1).
Table 1: Selection of approach – weighted calculation
relative
comparison
efficiency
minimum
value
calculation
name of criteria W E WE E WE E WE
co
n
ce
pt
io
n conception success x is assumed
conception effort 1 2 2 3 3 1 1
im
pl
em
en
ta
tio
n
data acquisition 2 4 8 1 2 2 4
effort for analysis 2 3 6 2 4 1 2
re
su
lts
error rate 3 1 3 3 9 2 6
energy efficiency 4 2 8 2 8 4 16
ability to 
communicate
2 3 6 3 6 4 8
Results 33 32 37
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The highest result shows the approach “minimum value 
calculation” with 37 points, which thus can be determined to 
be potentially the most advantageous approach.
4. Detailing the selected approach
In the calculation of the minimum value, the situation is 
complex. In order to gain the total energy requirement, the 
sum of the minimum values of all production steps in the
product manufacture has to be formed. Consequently, the 
required energy minimum has to be calculated specifically for 
each production step. The complexity of this calculation arises 
from the fact that the method of calculation for each 
production step is highly individual. Depending on the 
process under consideration, the calculation of the minimum 
is partly based on completely different starting points. In 
addition, for many manufacturing processes there is still no 
methodology that describes the energy consumption during 
operation. For the calculation of the minimum value it is 
therefore necessary to define a calculation method that takes 
account of the production process-specific factors in a 
structured way. The comparability of the minimum value of
manufacturing steps, and thus also of the products, has to be 
ensured.
4.1. Derivation of the calculation system
A number of different factors affect the energy 
consumption. The first step for the derivation of a calculation
system is therefore the collection and analysis of all factors. In 
a second step, the interactions and interdependencies of the 
acquired factors can be represented in a model. Finally, with 
this model, the derivation of a calculation system should be 
possible. This procedure is illustrated in Fig. 7.
Fig 7: Procedure for the derivation of the calculation system
Analysis of the influencing factors
In the following, the methodology of the cause-and-effect 
diagram for the structured collection and presentation of all 
the factors affecting the energy consumption in the 
implementation of a production step is applied. The limit for 
the system under consideration of the energy consumption is 
drawn around the plant, with which the production step is 
performed. Fig. 8 shows the schema of the cause-and-effect 
diagram filled with the main parameters and their description 
for the present application.
Fig. 8: Cause-and-effect diagram – influencing factors on the energy 
consumption
Modeling
A large number of influencing factors affect the energy 
consumption. As there are dependencies between the various 
factors, it is necessary to take into account these interactions 
in the calculation system for the minimum value. Hence, a
model is formed showing the dependencies of the influencing 
variables in a structured way. The focus is on the presentation 
of the basic dependencies between the main variables. Fig. 9 
shows the developed model.
Fig. 9: Model influencing factors
The individual components of the model are determined 
predominantly by the people. They typically define the input 
and output material and the components of the transformation 
process. The basic operation has been included into this 
model. Through the basic operation the fundamental physical 
or chemical operation required for the transformation process 
(from the input to the output material) can be described.
Derivation of a calculation system
The calculation system for the minimum required energy 
consumption is based on the central part of the proposed 
model. The basic operation is the basis for the implementation
of the transformation process. By means of the basic 
operation the applicable technologies for this purpose, which 
will be implemented by equipment eventually, are 
determined. The analysis of constituent dependencies shows
that a minimum value calculation may be carried out step-by-
step. Consequently, the minimum energy demand for the 
implementation of the basic operation, their technological 
implementation and the technological implementation 
according to the equipment, can be calculated. The resulting 
minimum values refer to the physical, technological as well as 
the real minimum.
4.2. Description of the calculation system
Physical minimum
The Energetic Physical Minimum (EPM) describes how 
much energy is required for chemical or physical laws to 
induce an intended transformation through a defined basic 
operation on or in the object under consideration. The 
physical minimum is calculated only on the basis of the 
specifications of the input and output material (Em), as shown 
in formula (1). These assumptions are partly determined by 
the influence factor “environment,” thus the factor 
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“environment” is also included in this presentation. For 
example, the ambient temperature determines the temperature 
of the input material that has to be established for the 
calculation of energy consumption during melting. For the
planned specifications of the input and output material an 
ideal quality has to be assumed.
ܧܲܯ = σ (ܧ௠)௜௡௜ୀଵ (1)
Technological minimum
The Energetic Technological Minimum (ETM) describes 
the energy demand, which is minimally required to perform a 
basic operation by a technology. Here, the technology with 
which the transformation process is performed is also taken 
into account. From the chosen technology, consequently, the 
specific calculation method of the minimum value and the 
process specifications are determined. To calculate the 
minimum value, shown in formula (2) the optimization of all 
technological specifications (Et) in terms of minimum energy
consumption is required; however, the equipment-related 
losses are not yet taken into account.
For the implementation of a basic operation usually 
different technologies can be considered. This will herein be 
explained in more detail using the example of the soldering 
process: the basic operation of melting the solder is the heat 
input, which can be implemented by means of different 
technological processes. The heating may be affected by 
radiation, solid, gas, or liquid, as well as by the condensation 
of a vapor, microwaves, or electrical induction. Depending on 
the selected type of heat input, the soldering technology as 
well as the calculation and the amount of the minimum value
can be determined. [8]
ܧܶܯ = ܧܲܯ + σ (ܧ௧)௜௡௜ୀଵ (2)
Real minimum
The Energetic Real Minimum (ERM) describes the energy 
demand, which is minimally required to perform a basic 
operation by a technology with equipment. As the term “real 
minimum” illustrates – in addition to the calculated value –
the minimal required energy demand for the implementation 
of a transformation process, with consideration of the state of 
the art, is described. The real minimum is an extension of the 
technological minimum of the equipment and is calculated by 
extending the calculated technological minimum to the losses 
of the equipment (Ee), shown in formula (3). In particular, the 
losses of efficiency for energy conversion have to be taken 
into account. For the calculation of the real minimum of the 
turning process, for example, the technological minimum has 
to be multiplied with the efficiency of the main drive axles for 
generating the rotating and feed motion. The technological 
minimum, in this case, is the required energy of the work 
piece for the clamping separation. To calculate the minimum 
value, the efficiency, which is maximally achievable under 
ideal conditions and by taking into account the state of the art, 
has to be chosen.
It is possible that the presented differentiation between 
technological and real minimum may not be clearly 
performed in all processes. If, for example, energy conversion 
losses have already been considered by calculating the 
technological minimum, then there is no separation of 
technological and real minimum. 
ܧܴܯ = ܧܶܯ + σ (ܧ௘)௜௡௜ୀଵ             (3)
Combined consideration and action recommendation
Fig. 10, showing the stages of the minimum calculation in 
the form of a shell chart, describes the influencing variables
taken into account through the calculation of the minimum. 
The structure of the graph is divided into the following six 
shells (the core of the diagram is also termed “shell”):
x Shell 1: input and output material specifications
x Shell 2: selection of technology
x Shell 3: process specification 
x Shell 4: equipment specification 
x Shell 5: environmental influences
x Shell 6: measured energy consumption
The contents or influences of the inner shells are the basis 
for the outer shells. In each shell the considered factors or 
contents rise accordingly.
Fig. 10: Types of minimum – shell chart
Its core consists of the specifications for the input and 
output material; these are material, geometry, state, quality,
and position. Based on the specifications, the physical 
minimum is calculated. The technological minimum is 
determined by shells number two and three. The general
choice of technology, by which the transformation process has 
to be performed, is associated with the second shell. The 
method of calculation and the necessary process variables, 
which are symbolized by the third shell, are determined by the 
chosen technology. Shell four represents the energy losses 
that occur to the equipment during the technology 
implementation. If these losses are also included in the 
calculation, the real minimum can be determined. For the 
calculation of all kinds of minimum, assumptions have to be 
made regarding the environmental conditions, shown within
the fifth shell. The measured energy consumption is 
determined by the actual existing conditions during the
implementation and is symbolized through the outermost 
shell.
Generally speaking, for the calculation of the EEV, which 
should be used to compare and evaluate the energy efficiency 
of technical service provision, the minimum values of all 
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three kinds of minimum can serve as a basis and can be set in 
relation to the energy consumption measured (ECM).
However, the focus and the statement of the calculated EEV
vary for each selected reference value:
x Basis physical minimum: 
If the physical minimum is put in relation to the measured 
energy consumption, the theoretically existing saving 
potential is demonstrated. It is expected that theoretical and 
measured energy consumption vary immensely. Operating 
a real production step, the physical minimum value is not 
reached.
ܧܧ ௉ܸ =  ܧܲܯ ܧܥܯΤ               (4)
x Basis technological minimum: 
An EEV with the technological minimum as a basis 
describes the losses due to the process specifications and 
the energy conversion. The technological minimum value 
is impossible to achieve in practice, since an efficiency of 
100% percent is assumed in the energy conversion for 
calculation purposes. 
ܧܧ ்ܸ =  ܧܶܯ ܧܥܯΤ               (5)
x Basis real minimum: 
If the measured energy consumption is put in relation to
the real minimum, the real saving potential is clarified. In 
contrast to the calculation of the technological minimum, a
realistic efficiency of energy conversion is assumed in the 
calculation of the real minimum. The real minimum value 
is thus achievable during the performance of an actual
production step under ideal conditions.
ܧܧ ோܸ =  ܧܴܯ ܧܥܯΤ               (6)
Therefore, it is recommended to use the real minimum 
value as basis for the calculation of the EEV for comparing
and evaluating the energy efficiency of the technical service 
provision. This is justified by the fact that the EEV, based on
the real minimum, focuses on the real saving potentials, which
can be exploited if necessary. Furthermore, it can be assumed 
that the EEV vary less for different products, which increases 
their comparability and reduces the resignation threat that is
expressed in negative outcomes.
As previously stated, for calculating the EEV of a product, 
the minimum value must be calculated and summed up for 
each production step. It then can be put into relation to the 
measured total energy consumption, which is calculated from 
the individual energy consumption per production step. 
In order to ensure that the calculation of the minimum 
value is performed cross-product consistently, the method of 
computation and the relevant assumptions, which are 
necessary for the calculation, have to be defined depending on 
the type of transformation process. The following variables 
are established for each type of transformation process 
considering the requirements to the final product:
x environmental conditions (e.g. temperature)
x technology (e.g. shearing or laser beam cutting)
x process specification (e.g. feed)
x equipment specification (e.g. efficiency)
5. Conclusion and outlook
The approach “minimum calculation” allows for the 
comparison and the evaluation of the energy efficiency in the 
technical service provision. By dividing the theoretically 
required energy with the actual energy consumption a value is 
formed, which gives information about the energy efficiency. 
Using this value, which is called EEV, various manufacturing 
processes can be compared and evaluated referring to their 
energy efficiency. Moreover, the transmission of this system
will allow further comparison of products, locations, 
companies – and even entire industries – in respect to their 
energy efficiency.
The critical step in the implementation of this approach is 
the calculation of the minimum required energy. The 
complexity in the calculation arises from the fact that the 
method of calculating each production step is highly 
individual. Depending on the process under consideration, the 
calculation approach is partially based on entirely different 
starting points. Different products will give different EEVs as 
they have different processes and materials. In addition, many 
production steps still lack a methodology that sufficiently 
describes the energy consumption during operation.
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